Introduction
In practical research on the feasibility of controllers for manipulators with flexible links, joints, and transmissions, a principal requirement to compensate for elastic deformations is the measurement of the end-effector position. An indirect approach to this problem is to mount several sensors on the manipulator and to calculate the end-effector's position from the sensor signals, using some manipulator model. Especially when elasticity is involved, this method is unusable, because this model generally is far too inaccurate. In this article an optical system is presented that directly measures the end-effector position and that operates independently of the manipulator. It is intended for manipulators whose end effector can translate in a two-dimensional plane of approximately 1 x 1 m2. More detailed information on the system design and its application to online control of a flexible manipulator is given by Heeren (1989) . The system should satisfy the following requirements:
The x and y coordinates of a point R on the end effector relative to an orthonormal fixed frame must be measured with a resolution and a reproducibility of 0.05 mm.
The z coordinate is irrelevant, but the system has to be insensitive to small translations in z direction (less than 3 mm) and to small rotations of the end effector (less than 10°).
The system must perform well at a maximum end-effector velocity of 5 m/s.
The measurement must be done in less than 2 ms to enable its application in on-line motion control of the manipulator. The system may not impose limitations for the normal operation of the manipulator. No mechanical parts of the measurement system may be located within its working area.
The cost of the system must be reasonable in relation to the cost of the manipulator.
In view of these requirements, an optical measurement concept has been chosen out of a number of alternatives. It involves the use of semiconductor lasers, rotatable mirrors, retroreflectors, and laser spot detectors. The application of laser interferometry has been discarded because of the high velocity of the end effector and of the severe and expensive quality requirements for the lasers, the system optics, and the electronic circuitry. The chosen principle of operation will be explained in the next paragraph. Then the system design and its parts will be considered more in detail. Finally a calibration procedure will be outlined to extract values for the x and y coordinates from the measurement results once the desired resolution and reproducibility have been obtained.
Principle of Operation
A schematic top view of the system is given in Figure shown in Figure 3 
The Piano-Cylindrical Lens
As stated before, the maximum allowable translation of the end-effector point R in the z direction is 3 mm upward and downward. Hence the distance between the incident and reflected beams can vary over a range twice as large (i.e., 6 mm upward and downward). This is liable to lead to detection problems, because the height of the photosensitive area of the detector is only 2.5 mm. Thus the beam has to be focused in the detector range without affecting the beam centerline shift in the x direction that is to be measured by the detector. This can be realized by putting a piano-cylindrical lens in front of the detector with its focal axis perpendicular to the z direction, as shown in Figure 6 . If the detector is placed Here I is the current through the coils, V the voltage over both coils, cp the mirror angle, L the self-inductivity, R,, the coil resistance, and K the torque coefficient. The torque coefficient is nearly independent of the mirror angle within the relevant rotation range and is equal to 6,2.10-3 N-m/A, the resistance Rẽ quals 27,5 SZ, and the self-inductivity L is 8,3 mH. These data have been determined experimentally (van Driel 1988) . If proportional and differential action is used, as in our case, the gain of the feedback loop is proportional to the length of the laser beam that can vary from 0.5 to 4 meters. For given reflector coordinates x,, yr the desired mirror angle (pd, for which the differential voltage VL -VR (a measure for either dA or dB; § see Fig. 9 ) is zero, can be calculated. The tuning of the PD controller is carried out such that the bandwidth of the transfer function from wd to cp is as large as possible, while the controlled system remains stable and the catching operation succeeds everywhere in the measurement area. For a point in the middle of this area, the bandwidth is approximately 600 Hz. However, if the calculation of xr and Yr is based on measurement of aA , aB , d~ , and dB (for instance in eqs. [1] and [2] ), the dynamic behavior of the mirror is irrelevant as long as the laser beams remain within the detector range. The bandwidth of the duocell detectors and their electronic circuitry that measure aA, aB, dA, and dB is approximately 10 kHz. The total time delay in the determination of xr and yr is influenced by this bandwidth and by the processing time to calculate xr and yr. We will return to this subject in section 9. produces an approximately sinusoidal signal (i.e., the difference of the two photocurrents) for each code wheel cycle. Modules 1 and 2 are placed such that their signals are also shifted a quarter of a cycle. In Figure 15 they are given as a function of the rotation cp. In the intervals 1 and 3, denoted in Figure 15 , signal 1 is a well-conditioned measure for the mirror rotation angle, whereas signal 2 shows extrema in these areas and is thus ill conditioned. In areas 2 and 4, it is the other way around: signal 2 is well conditioned here. 
